Abstract-We examined potential ecotoxic effects of polychlorinated biphenyl (PCB) 3 , PCB 5 , Aroclor 1254, and Aroclor 1242 on Xenopus laevis. Tadpoles were exposed to PCBs from stage 46/47 (system of Nieuwkoop and Faber) to the completion of metamorphosis. We demonstrated, to our knowledge for the first time, forelimb malformations caused by PCBs (malformation rate, Ͼ70%). The malformed forelimbs were fixed in the adduction-backward rotation position and could not move. Therefore, malformed male frogs were destined to have no offspring, because they could not grasp the females with their forelimbs to mate. Alcian bluealizarin red double-staining indicated that the forelimb malformation resulted from the shoulder abnormality. Compared with the normal shoulder joint, the proximal humerus with the humerus inter-rotated 90Њ in the abnormal shoulder joint. Moreover, testes from more than a third of male frogs with exposed to PCBs exhibited feminization to different degrees at gross morphology and histology, with fewer or abnormal spermatogonia and oocytes. Gonadal abnormalities would lead directly to reproductive dysfunction and population decline. These results suggest that PCBs have potentially ecotoxic effects on amphibian populations. We infer that PCBs could play roles in amphibian malformations and population declines, at least at sites that are polluted heavily with PCBs.
INTRODUCTION
Polychlorinated biphenyls (PCBs), which are a type of Stockholm Convention-based, industrial, persistent organic pollutants, have a wide range of toxicities to animals and human beings [1] . Although commercial production of PCBs has been banned since the 1970s and 1980s, PCBs remain ubiquitous in the environment because of their stability and lipophilicity [2, 3] . In China, approximately 10,000 tons of PCBs were produced from 1965 to 1974, accounting for 0.6% of the total global production [4, 5] . In recent years, a large number of PCB-containing appliances from both China and worldwide have been treated improperly; thus, PCBs are released into the environment. The PCBs have become widespread throughout China, and PCB pollution is very serious at some sites [6, 7] . Therefore, we are concerned about the potential adverse effects of PCBs, especially considering the increasing number of reports demonstrating that PCBs, as endocrine disruptors, can alter sex steroid levels and influence gonadal development in several species [8] [9] [10] . Toxicities of PCBs might result in potentially ecotoxic effects on animal species. Amphibians are susceptible to environmental contaminants because of their permeable skins and a biphasic life cycle [11, 12] . Increasing evidence suggests that gonadal development of amphibians is especially sensitive to endocrine disruptors [13] [14] [15] . Although high accumulation of PCBs in wild amphibians highlights the need to examine the potential role of PCBs in the amphibian population, the available information regarding toxic effects of PCBs on amphibians has been very limited so far [16, 17] . In a previous study, we reported the feminizing effects of Chinese domestic PCBs on gonadal development in Xenopus laevis [18] . In the present study, we further examined the potential ecotoxic effects of PCBs on X. laevis.
MATERIALS AND METHODS

Chemical
Aroclor 1242 and Aroclor 1254 were obtained from Supelco (Bellefonte, PA, USA). Both PCB 3 and PCB 5 were obtained from the Institute for Environmental Chemistry of the Chinese Academy of Sciences. Both PCB 3 and PCB 5 are two main industrial PCBs mixtures produced in China. The former contains relatively abundant low-chlorinated congeners, and the latter contains relatively abundant high-chlorinated congeners. Both PCB 3 and PCB 5 have been identified as being close to Aroclor 1242 and Aroclor 1254, respectively, in composition [19] . They have been approved as standards by the Environment Science Council of the Chinese Academy of Sciences (Beijing).
Breeding and housing
Mature female and male X. laevis were maintained separately in glass tanks containing dechlorinated water at 22 Ϯ 2ЊC with a 12:12-h light:dark photoperiod and were fed chopped pork liver once a week. Breeding was induced by subcutaneous injection of human chorionic gonadotrophin. Males grasped females with their forelimbs to perform external fertilization. After eggs were laid, the females and the males were taken from the breeding tank. Fertilized eggs were incubated at 22 Ϯ 2ЊC with a 12:12-h light:dark photoperiod. On the fifth day after fertilization, tadpoles were fed Daphnia sp. daily.
Exposure to chemicals
On the sixth day after fertilization, healthy tadpoles at stage 46/47 (system of Nieuwkoop and Faber) [20] were randomly selected from the offspring of a pair of parental frogs for the exposure experiment. The PCBs were dissolved in ethanol to produce stock solutions. The experimental water was prepared by adding the stock solution to dechlorinated water. In the preexperiment, tadpoles exposed to a series of PCB concentrations (5, 10, 20, 40 , and 80 g/L) did not exhibit acute toxic response within 10 d. We chose a higher concentration (10 g/L) than that in the environment, because PCBs are easily absorbed by glass. The control group received the same amount of ethanol that was used as solvent for PCBs. Each treatment contained two replicated glass tanks with 30 tadpoles per tank and 18 L of water (i.e., 300 tadpoles were used in this experiment). All tanks had the same size and shape (30 ϫ 20 ϫ 25 cm). The experimental water was changed twice weekly. Replicated experiments were conducted using the offspring of another pair of parental frogs.
Skeleton staining
All animals were observed every day, and growth, development, and survival were recorded. The survival rate and the malformation rate were measured when all tadpoles completed metamorphosis. Malformed animals were examined and photographed. Frogs were allowed to swim in clean water for 30 min before staining. Alcian blue-alizarin red double-staining was carried out according to the method described by Zhang et al. [21] . Briefly, frogs were immersed in alcian blue 8GX solution and then stained in alizarin red solution. After transparentizing, specimens were stored in glycerol.
Gonadal identification and histologic examination
Frogs at one-month postmetamorphosis were killed by immersion in MS222 (3-aminobenzoic acid ethyl ester methanesulfonate) at 3 g/L and then weighed. Frogs were sexed by gonadal examination using a dissecting microscope. Histologic analysis was conducted on all abnormal gonads by gross morphology. Gonads attached to kidneys were fixed with Bouin's fixative and then embedded in paraffin, sectioned (thickness, 6 m), and stained with hematoxylin and eosin. Sections were examined with a light microscope. All procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals [22] .
Statistical analyses
The survival rate, malformation rate, and percentage of females were analyzed for significant differences using the t test between frogs exposed to PCBs and controls. Body weight was analyzed using analysis of variance. A value of ␣ ϭ 0.05 was chosen for statistical significance.
RESULTS
Malformations
In the first experiment, survival rates of frogs in all experimental groups were low (ϳ40%) because of higher levels of chlorine in experimental water. Experimental water was further dechlorinated and used to conduct the replicated experiment. The results of the two experiments were consistent except for a higher survival rate in the replicated experiment. The data from the replicated experiment are reported here.
The survival rate had no significant difference between PCB-exposed groups and the control (80%). At stage 58, forelimbs of tadpoles broke through the overlying operculum. In general, forelimbs can move on the next day after their emergence, and with growth, forelimbs can move freely. However, forelimb malformations occurred among PCB-exposed frogs, whereas no malformation appeared among control frogs. The malformation rates in the groups exposed to Aroclor 1242, Aroclor 1254, PCB 3 , and PCB 5 were 74% (37/50), 76% (37/ 49), 80% (40/50), and 83% (40/48), respectively. Malformed forelimbs were fixed in the adduction-backward rotation position. They were kept close to the abdomen and could not move freely (Fig. 1a and b) . The brachium of the normal forelimb can move freely in the longitudinal plane but can rotate ventrally and dorsally only by a small degree. Therefore, the normal forelimb cannot adduct to the abdomen, like the brachium of the malformed forelimb. The brachium and antebrachium of the normal forelimb are linked by the elbow joint, which enables the brachium and antebrachium angles to range from 0 to 180Њ and to perform all kinds of movements, including swimming and grasping. In the malformed forelimb, however, the brachium and antebrachium are always kept at a certain angle, and their relative positions could not be changed. The elbow joint as well as the shoulder joint seemed to lose their movement function. Thus, malformed frogs depended on their hindlimbs only for swimming and could not hug something with a pair of malformed forelimbs.
After staining and removal of muscles and other tissues, the forelimb malformation could not be corrected. The evidence indicated that the forelimb malformation resulted from abnormality of the skeleton, not of the muscles and other tis- 2 . Body weight of Xenopus laevis exposed to polychlorinated biphenyls (PCBs) compared with that of controls at one-month postmetamorphosis. Fig. 3 . Sexual percentages, based on gonadal examination using a dissecting microscope, among frogs exposed to polychlorinated biphenyls (PCBs) compared with that of controls. sues. Attention was paid to the pectoral girdle. The cartilages that stained blue, including the suprascapula, procoracoid, epicoracoid, and sternum, were normal in the malformed frog. The cleithrum, clavicle, scapula, and coracoid, which stained red, showed no abnormality in the malformed forelimb. The most obvious abnormality occurred in the shoulder joint. Compared with the normal forelimb, the humerus, with respect to the scapula, rotated approximately 90Њ ventrally in the malformed forelimb, and the dorsal aspect of the humerus almost turned to the anterior position of that in the normal forelimb. Therefore, not only the humeral head but also other parts of the proximal humerus were attached to the glenoid cavity so tightly that the proximal humerus could not rotate in the glenoid cavity ( Fig. 1c and d) . No structural abnormality was found to explain the loss of the elbow joint's ability to move.
Gonads
Body weight was determined before gonads were examined. The results showed that PCBs did not affect the growth of X. laevis (Fig. 2) . Normal ovaries are distinguished by greater length, lobed structure, and melanin granules. Normal testes are distinguished by an ellipsoid/cylinder shape, smooth surface, and absence of melanin granules. Control gonads were normal, and the percentage of females was 46% (23/50). The percentage of females in PCB-exposed groups (Aroclor 1242, 48% [ (Fig. 3) . However, almost half the males exposed to Aroclor 1254 or Aroclor 1242 exhibited testes with gross morphology that was abnormal to different degrees. Some of these testes had ovary-like morphology in the cranial and caudal parts and testes morphology in the middle parts. These ovary-like testes were characterized by lobed structure and/or melanin granules. Surfaces of testes from other groups were not smooth and had obvious goffer-like ovarian and lobed structure (Fig. 4) . Testicular abnormality induced by Aroclor 1254 and Aroclor 1242 also was demonstrated by histology. In some testes, fewer spermatogonia were present, and some of which possibly will die. Many large interstices occurred in some parts, which were thought to be traces of dead spermatogonia. In other testes, some spermatogonia had a clear nucleolus, which was characteristic of oogonia. A third of the males exposed to PCB 3 and PCB 5 also had abnormal testes, like the abnormality induced by Aroclor 1242 and Aroclor 1254. Except for the similar histologic abnormality induced by Aroclor 1242 and Aroclor 1254, some oocytes occurred in abnormal testes induced by PCB 3 and PCB 5 (Fig. 5) . The results concerning PCB 3 and PCB 5 were consistent with those of our previous report [17] .
DISCUSSION
Xenopus laevis is an amphibian species that is widely used in developmental biology and toxicology. Because estrogens or estrogen-like chemicals can induce feminization of Xenopus gonads, more researchers are becoming interested in this species as a model for the study of endocrine disruption. During the past several years, we have been studying endocrine disruption of PCBs and other chemicals using X. laevis.
Reports of malformations in wild populations have increased in recent years. Chemical contaminants as well as endoparasitic infestation, ultraviolet radiation, and mineral deletion have been proposed to contribute to amphibian malformations [23, 24] . So far, potential chemical agents for causing amphibian malformations, especially limb malformations, are focused on pesticides and trans-retinoic acid [25, 26] . However, to our knowledge, no study has related persistent organic pollutants with malformations in frogs. In the present study, we have, to our knowledge for the first time, associated frog malformations with PCBs. The forelimb malformations of X. laevis induced by Aroclor 1242, Aroclor 1254, PCB 3 , and PCB 5 have not been reported among the few studies concerning PCB-exposed amphibians. Rosenshield et al. [27] demonstrated that PCB 126 (50 g/L) significantly reduced the survival rates of green frog and leopard frog larvae but did not induce limb malformation . Oral exposure to PCB 126 (0.2 mg/kg) and Clophen A50 (2,200 g/kg) did not induce limb malformations in X. laevis [28] . Based on these limited studies, Kati Loefffler et al. [23] concluded that amphibians appeared to be less susceptible than mammals and birds to the effects of PCBs on morphogenesis. Our results argue strongly against this conclusion. Certainly, we do not suggest that all PCBs have teratogenic effects on amphibian limbs; in fact, Aroclor 1221 did not induce limb malformations in our other experiment. We think that the differences among PCBs as far as inducing limb malformations may result from different toxicities of PCBs. The toxicity of PCBs depends greatly on the number and position of chlorine atoms in the biphenyl rings [29] . Different PCB mixtures and congeners may have different toxic effects. Therefore, we propose that some PCBs have teratogenic effects on amphibian limbs. Moreover, frogs with malformed forelimbs (loss of limb or finger) were found in our preliminary survey at a site possibly contaminated with PCBs (Fig. 6 ).
The occurrence of the wild forelimb-malformed frogs, which was not considered to be an accident, supports our proposal that PCBs have teratogenic effects on amphibian limbs.
In previous reports, most of the frog malformations have involved the hindlimbs, including supernumerary and ectopic limbs, ectromelia, and ectrodactyly [23, 30] . Reports of forelimb malformations have been sparse [31] . Two explanations are possible for the striking bias toward hindlimb malformations [32] . One is that teratogens might disrupt one or more aspects of hindlimb morphogenesis that are unique and distinct from that of forelimbs. The other explanation is that differential mortality is associated with the induction of forelimb malformations; that is, forelimb-malformed frogs would die during the process of development. In the present study, malformations induced by PCBs have involved forelimbs but not hindlimbs. This result could provide support for the first explanation. In addition, the malformed forelimb resulted from the wrong orientation in attachment of the proximal humerus to the glenoid cavity, whereas the proximal humerus and the glenoid cavity were normal in structure. To our knowledge, this forelimb malformation has never described previously. Possibly, it will arouse the interest of developmental biologists Potential ecotoxic effects of PCBs Environ. Toxicol. Chem. 24, 2005 2577 as well as environmental scientists as a clue in the study of the morphogenesis of limbs and associated joints, which is one focus of developmental biology, by comparing the normal with the abnormal forelimb [33] . Malformed forelimbs were complete in structure but unable to move. Male X. laevis must depend on their flexible forelimbs grasping females to perform external fertilization. Therefore, the forelimb-malformed male frogs are destined to have no offspring. Gonadal abnormality and sex-reversal caused by PCBs have been reported in several species, such as fish [8] , turtle [9] , and rats [10] . Compared with these species, data regarding the effects of PCBs on gonadal development in amphibians are limited. The present study has shown that gonadal toxicity of PCBs can occur in amphibians. It also supports the proposal that intersexuality in cricket frogs from Illinois could be caused by contamination with PCBs and polychlorinated dibenzofurans [34] . Although feminized characteristics caused by Aroclor 1254 and Aroclor 1242 were less obvious than those caused by PCB 3 and PCB 5 , testes with fewer or abnormal spermatogonia will lead directly to reproductive dysfunction and population decline in X. laevis. Increasing evidence suggests that environmental chemicals affecting gonadal development of amphibians could contribute to population decline [13] [14] [15] . Atrazine, especially, has attracted attention from scientists and the public, because it was suggested to be a factor in global amphibian declines by inducing hermaphroditism of frogs [15, 35, 36] . Our results suggest that PCBs have potentially ecotoxic effects on amphibian populations by inducing gonadal abnormality.
Taken together, the present results suggest that PCBs have potentially ecotoxic effects on amphibian populations by inducing forelimb malformations and gonadal abnormalities. Considering the declines in amphibian populations that have occurred worldwide during the past two decades [37] , we infer that PCBs might play a role in this phenomenon. The concentration of PCBs in our experiment (10 g/L) was nominal. Our unpublished data show that the actual PCB level in the water decreased by approximately 90% because of absorption by glass and debris on day 2 after the addition of PCBs. Although reports of higher-level pollution with PCBs have appeared, 1 g/L is still higher than the general level reported in the environment [6, 38] . However, considering the bioaccumulation of PCBs and the trophic level of amphibians in the food chain [39, 40] , it might be concluded that the concentration of PCBs in our experiment could reflect, to some degree, the exposure of amphibians to PCBs in the environment. Therefore, we infer that PCBs could play a role in amphibian malformations and population declines, at least at sites that are heavily polluted with PCBs.
